Background on malaria
There are four species of human malaria parasites: P. falciparum, P. vivax, P. ovale and P. malariae. The most dangerous is the potentially fatal P. falciparum, which together with P. vivax accounts for approximately 90% of cases in Australia. 1 The incubation period for malaria is generally one to two weeks, but can be longer for certain strains and following chemoprophylaxis. A person with the infection becomes infective to mosquitoes late in the course of the initial illness (from as little as a week to over a month), but can remain periodically infective to mosquitoes for up to a year (P. falciparum) or longer for other malaria species. Not all treatments eradicate the gametocytes, the stage that infects mosquitoes. This means that, with international travel and immigration, there is always a small chance that an infective person will arrive who could infect local Anopheles mosquitoes.
Mosquitoes that feed on gametocyte carriers are not immediately infective, as the malaria parasite undergoes part of its life cycle in the gut wall of the insect and then actively migrates to the salivary glands from where it is injected along with anticoagulant saliva during a bite. The time taken for the mosquito stages to be completed and the mosquito to become infective is referred to as the extrinsic incubation period (sporogony, or the extrinsic cycle) and is highly temperature dependent, ranging from 4 days at 30°C to 16 days at 20°C (Figure 1 ). This is of great importance, as at lower temperatures the incubation period may be longer than the average lifespan of the mosquito resulting in few or no infective mosquitoes.
Malaria in NSW
In Australia, the mosquito known as Anopheles farauti sensu lato is considered the most important vector of malaria. It is principally found in areas north of 19° latitude in Queensland and north of 15° latitude in the Northern Territory, although it has been reported in Mackay (21°9Ј) and Townsville (19°15Ј), and north of 17°i n the Northern Territory. The area considered at greatest risk of malaria in Australia has been primarily determined by the range of An. farauti s.l., climate supportive of parasite transmission and historical records of outbreaks. However, transmission of malaria in Australia has historically occurred as far south as Melbourne in the east and Perth in the west, and a range of Anopheles species occurs throughout the country, although little is known of their respective capacities to transmit Plasmodium parasites under field conditions. 5 Historically, there has been a small number of locally acquired malaria cases in NSW, thought to be eight in the 20th century, all of them P. vivax and most associated with military personnel returning from overseas service with transmission attributed circumstantially to An. annulipes s.l. 5 This mosquito is generally the most abundant of the six Anopheles species known to occur in NSW, the others being An. amictus, An. atratipes, An. bancroftii, An. pseudo stigmaticus and An. stigmaticus. Laboratory studies have shown An. annulipes s.l. to be capable of transmitting malaria parasites but they have not been found infected in nature. 5, 6 While little is known of the malaria capacity of the remaining species, they are considered relatively rare and unlikely to pose a risk for malaria transmission, although An. amictus can be locally abundant and has been suspected to be involved in malaria transmission in the Northern Territory.
Anopheles annulipes s.l. is a spindly looking grey mosquito of which the wings and legs are mottled with white scales. The larval stages are associated with a range of freshwater habitats and lie flat under the water surface, often in the thin layer of water above algal blooms. This mosquito is typically found in flooded ground pools and, although it is not usually associated with estuarine wetlands, larvae occasionally colonise these brackish water habitats when rainfall has reduced the salinity of the ground pools. The adult mosquitoes may live for up to three weeks and the female mosquitoes take blood meals from humans (as well as other mammals) predominantly from dusk to dawn. Mark-release-recapture experiments on this mosquito species at Griffith, NSW, revealed mean dispersal distances of approximately 1.2 km, although some mosquitoes were found to travel up to 5 km. 7 In the Australasian region, the mosquitoes called An. annulipes s.l. and An. farauti s.l. are each a group of species, called sibling species, that are morphologically similar but vary in their distribution and biology, and probably in their capacity to transmit Plasmodium species. It is not known which siblings were included in the laboratory studies that demonstrated transmission capacity or were involved in historical field transmission.
Assessing the risk of an outbreak in NSW
Malaria transmission is dependent on many probabilistic events, such as a mosquito finding someone who is infective (gametocytes present in peripheral blood), the mosquito being capable of being infected and then living long enough to develop sporozoites and thus become infective, and the opportunity of biting a susceptible person and transmitting the parasite. The threats to this process are many: successful treatment of infected people to prevent them becoming infectious to a mosquito; use of personal protection measures against mosquito bites including insect screens, clothing, insecticides and repellents; dry weather that can reduce mosquito longevity; cold weather that prolongs the extrinsic cycle; and the presence of other blood sources and the relatively low density of people in many inland parts of rural and regional NSW where An. annulipes s.l. is more abundant.
Mathematical models offer an understanding of the transmission dynamics of malaria, and while variable values are not available for NSW they can provide a useful framework for considering the risk of local malaria transmission. 8 The basic reproductive ratio (R 0 ), the number of new cases of malaria generated by one case introduced into a population of fully susceptible hosts during the duration of the case, may be quantified by multiplying the transmission rate factor from vector to human during the life-span of the vector (T H ) with the transmission rate factor from human to vector during the duration of infection in the human (T V ).
In this model, T H
where:
• V is the density of vectors • H is the density of human hosts • a is the biting rate on the human host per vector, which includes the biting frequency (estimated as the reciprocal of the length of the gonotrophic cycle) and the proportion of blood meals taken on humans • b H is the proportion of infectious bites on humans that produce a patent infection in humans • b V is the proportion of bites by susceptible mosquitoes on infected people that produce a patent infection in the vector • L V is the life expectancy of the vectors • D H is the duration of infectiousness in the host.
Important assumptions underpinning this model include a lack of immunity in the susceptible human population, which is a robust assumption in NSW and an absence of a parasite-induced effect on vector survival or behaviour. 9, 10 H: the density of human hosts may be affected by planning decisions if residential developments occur in areas close to productive mosquito habitats or areas of intense mosquito activity. In the inland areas with greatest abundance of An. annulipes, there are generally low to very low human population densities; however, urban sprawl may increase the number of human populations close to mosquito habitats.
a: the number of bites per vector depends on the accessibility of humans to host-seeking female mosquitoes. Biting rates will be influenced by factors such as the use of insect screens, bed nets, insect repellents, presence of alternative blood sources and frequency and nature of nocturnal outdoor activities. The contact between mosquitoes and humans may also be increased when refuge sites for adult mosquitoes, such as heavily vegetated areas, are close to dwellings.
b H : the probability that human infection occurs when bitten by an infected mosquito is generally assumed to be 0.8 to 1.0. b V : this variable includes not only the proportion of mosquitoes that become infected while taking a blood meal, but also the delay due to sporogonic development that must occur before they become infective. The duration of sporogony is highly temperature dependent as shown in Figure 1 , and is a crucial factor limiting malaria outside the tropics.
L V : to transmit malaria parasites, the female mosquito has a blood meal, lays eggs, and goes looking for another meal. The survival of adult mosquitoes is influenced by humidity, temperature and availability of suitable refuge sites (e.g. vegetation). Studies of An. annulipes s.l. at Echuca, Victoria, on the Murray, and Appin, NSW, demonstrated that the oldest mosquitoes were present in summer and late autumn. Based on the ambient temperature at each site, up to 6.6% of females at Appin and 10.3% at Echuca lived long enough to potentially become infective. 11 D H : the duration of infectiveness of a human with malarial gametocytes in their blood depends on the infecting malaria species, whether treatment was provided and what treatment was provided. Untreated P. vivax can be infective for 1-2 years, but P. falciparum is generally infective for less than one year. In a malaria-naïve person, the infection will cause symptoms that should prompt early diagnosis by an alert clinician and, hopefully, effective treatment, which interrupts transmission. Such treatment may explain the absence of malaria transmission in NSW in recent decades. People from endemic areas who are tolerant of malaria infection will not have a febrile illness so may not be diagnosed. Unless they are adequately screened, they could remain infective for a prolonged period (Figures 2 and 3 ).
Scenario
It is probable that over many years, if Australians keep travelling overseas and immigrants keep arriving, during a period of unusually high mosquito abundance, triggered by major rainfall and during above average temperatures in late summer or early autumn, malaria transmission will occur in NSW. The risk would be further increased in those areas where high levels of human activity occur between dusk and dawn in close proximity to mosquito-breeding habitats and particularly in areas that provide harbourage for adult mosquitoes, including heavily forested parklands within residential or recreational areas.
How long would it take to detect and respond to a malaria outbreak?
Immigrants tolerant to P. falciparum, however, arriving in NSW and carrying gametocytes may be infective to mosquitoes for months or possibly up to or longer than a year. If they were fed on by anopheline mosquitoes capable of transmitting malaria, then the shortest delay before outbreak detection would include the extrinsic cycle of 10-12 days, an incubation period of 7-14 days before infected humans become symptomatic, a diagnostic delay of 7 days before malaria infection is confirmed and a period of 2-4 days for identifying the area requiring appropriate mosquito control and organising appropriate larvicidal and adulticidal treatments: a total of at least 30 days before mosquito control is initiated. 
Climate change
The possible impact of climate change on malaria in Australia has been discussed elsewhere. 13, 14 The issue is complex, as various mosquito species will be differentially affected by rainfall, temperature and tidal changes. The consensus is that a temperature rise of 1.5°C may extend the malaria-receptive zone southward by a couple of hundred kilometres in the Northern Territory and Queensland. This temperature rise would thus extend the area in which malaria vigilance is required but would not pose a public health problem in NSW. The risk of outbreaks after disasters such as cyclones, which are predicted to become more frequent, should be considered in northern Australia, as housing and health-care facilities could be damaged, and potentially require emergency insect control.
Conclusions
Malaria is not a major health risk in NSW although the possibility of transmission cannot be ruled out completely. Receptivity to malaria will not increase significantly with global warming of 1.5°C. The high prevalence of malaria found during screening of immigrants in Newcastle suggests that immigrants from malaria-endemic countries should be tested for malaria on arrival in a systematic screening program. In NSW, medical practitioners should maintain a clinical index of suspicion in cases of febrile illness, particularly with multisystem involvement. The public health capacity to respond rapidly and effectively to a malaria outbreak must be ensured.
